



























The	 principal	 aim	 of	 this	 thesis	 is	 to	 build	 an	 understanding	 of	 how	 amino	 sugars	 are	
metabolised	in	a	clinically	relevant	strain	of	Staphylococcus	aureus.	 	Amino	sugars,	such	as	
sialic	acid	and	N-acetylglucosamine,	are	prevalent	mucosal	sugars	that	are	incorporated	into	






A	 number	 of	 amino	 sugar	 metabolic	 pathways	 converge	 upon	 two	 enzymes,	 N-
acetylglucosamine-6-phosphate	 deacetylase,	 NagA,	 and	 glucosamine-6-phosphate	
deaminase,	NagB.	These	enzymes	catalyse	the	utilisation	steps	of	these	pathways,	directing	
metabolites	into	either	peptidoglycan	biosynthesis	or	glycolysis.	Due	to	this	central	role	in	the	




The	 structure	 and	 function	 of	 NagA	 and	 NagB	 from	 methicillin-resistant	 S.	 aureus	were	
investigated	 in	 this	 thesis.	 This	 constitutes	 the	 first	 biophysical	 characterisation	 of	 these	
enzymes	from	S.	aureus.		Structural	data	show	that	both	of	these	enzymes	adopt	a	dimeric	
architecture	in	solution,	which	is	a	novel	arrangement	in	the	case	of	NagB.		Kinetic	analyses	
































































































































































of	compounds	as	nutrient	 sources,	often	 reflecting	 the	availability	of	nutrients	 their	niche	
(Plumbridge,	 2015).	Mammals	 are	 a	 rich	 source	 of	 nutrients—particularly	 throughout	 the	
mucosal	 surfaces	of	 the	gastrointestinal	 tract	 and	 respiratory	 system,	where	 there	are	an	
abundance	of	sugars,	amino	acids	and	nitrogen	containing	compounds	(Rohmer,	Hocquet,	&	
Miller,	 2011).	 Amino	 sugars,	 such	 as	 sialic	 acid	 and	N-acetylglucosamine,	 are	 prevalent	 in	
mucosal	surfaces,	particularly	in	the	sugar	chains	of	the	heavily	glycosylated	mucin	proteins	
(McDonald,	Lubin,	Chowdhury,	&	Boyd,	2016).	An	amino	sugar	is	defined	as	a	carbohydrate	
where	a	hydroxyl	 at	 carbon	 two	 is	 replaced	by	an	amine	group,	or	 in	 some	cases	a	more	
complex	 nitrogen-containing	 functional	 group	 (Salton,	 1964).	 Amino	 sugars	 can	 become	
available	 to	 pathogens	 as	 nutrient	 sources	 through	 the	 action	 of	 neuraminidase	 and	
glucosaminidase	 enzymes,	 which	 catalyse	 the	 	 cleavage	 of	 	 sugars	 from	 glycoconjugates.	
These	 enzymes	 are	 either	 produced	 endogenously	 by	 the	 host,	 or	 secreted	 by	 the	
pathogens/other	commensal	bacteria	into	the	extracellular	milieu	(Vimr,	2013).		
	
In	 bacteria	 that	 possess	 the	 necessary	 enzymes	 to	 import	 and	 process	 amino	 sugars,	
metabolism	 ultimately	 converges	 on	 two	 enzymes:	 N-acetylglucosamine-6-phosphate	






Specialised	 metabolic	 pathways	 are	 hypothesised	 to	 provide	 pathogenic	 bacteria	 a	
competitive	advantage	over	resident	commensal	flora	in	the	host	(Rohmer	et	al.,	2011).	As	
pathogenic	bacteria	often	derive	their	carbon	and	energy	from	a	host,	the	regulation	of	the	
virulence	 determinants	 is	 often	 controlled	 by	 nutrient	 availability	 (Somerville	 &	 Proctor,	
2009).	 Thus,	 it	 is	 likely	 that	 complex	 interplay	 exists	 between	 specialised	 bacterial	
metabolism,	 pathogenesis,	 colonisation	 and	 disease	 potential.	 The	 ability	 to	 metabolise	
amino	sugars	has	 indeed	been	 linked	 to	 these	processes	 in	a	number	of	bacteria,	 such	as	
Escherichia	 coli	 and	 Vibrio	 cholerae,	 where	 sialic	 acid	 catabolism	 is	 thought	 to	 confer	 a	








infections	 caused	 in	 the	 healthcare	 setting,	 infections	 caused	 by	 community-associated	

















this	 strain	 is	 referred	 to	 simply	 as	 MRSA.	 Additionally,	 the	 term	 amino	 sugar	 is	 used	 in	
reference	to	four	of	the	most	common	sugars	that	are	thought	to	be	metabolised	by	S.	aureus:	
sialic	 acid,	 N-acetylglucosamine	 (GlcNAc),	 glucosamine	 (GlcN)	 and	 N-acetylmuramic	 acid	














considering	 their	 ubiquity	 in	 glycoconjugates,	 and	 the	 presence	 sialidases	 of	 nasopharynx	











acid	 enzyme	pathway,	 as	 first	 identified	by	Olson,	 King,	 Yahr,	 and	Horswill	 (2013).	 Purple	
shows	the	recently	 identified	proteins	of	the	peptidoglycan	recycling	pathway	(Borisova	et	
al.,	 2016)	 In	 red	 are	 the	 amino	 sugar	 gateway	 enzymes.	 Green	 shows	 genetic	 regulation	
pathways.	 The	 NanR	 and	 the	 GlmS	 ribozyme	 modes	 of	 genetic	 regulation	 have	 been	
demonstrated	in	vitro	(Lunse,	Schmidt,	Wittmann,	&	Mayer,	2011;	Olson	et	al.,	2013)		yet	the	





































positive	 species,	 where	 peptidoglycan	 fragments	 shed	 into	 the	 growth	 medium	 are	
	 6	
recovered.	 Crucial	 here	 is	 the	 action	 of	 autolysin	 enzymes	 on	 peptidoglycan,	 which	 can	
liberate	the	amino	sugar	N-acetylmuramic	acid	(MurNAc)	from	peptidoglycan.	After	import	
into	the	cell	via	a	dedicated	phosphotransferase	system,	MurNAc-6-P	can	be	converted	back	































































































class	 of	 proteins	 (Oliva,	 1995).	 Crystal	 structures	 have	 been	 reported	 from	 a	 number	 of	
bacterial	 species,	 including	 E.	 coli	 (Oliva,	 1995),	 B.	 subtilis	 (Vincent,	 Davies,	 &	 Brannigan,	
2005),	Streptococcus	mutans	(Liu,	Li,	Liang,	Li,	&	Su,	2008),	Vibrio	cholerae	(PDB:	4R7T)	and	
Borrelia	burgdorferi	(PDB:	3HN6).		Described	as	a	having	a	three-layer	α/β/α	sandwich	fold,	
the	 body	 of	 the	 enzyme	 encloses	 the	 active	 site	 in	 what	 resembles	 a	 Rossman-like	 fold	




water	 to	 produce	 fructose-6-phosphate	 and	 an	 ammonium	 ion	 (Fig	 3.).	 The	 catalytic	
mechanism	 for	 this	 reaction	 is	 suggested	 to	 resemble	 other	 aldose-ketose	 isomerases,	
starting	 with	 a	 binding	 and	 ring-opening	 step,	 proton	 abstraction	 from	 C2	 to	 form	 a	 cis-
enediol	 intermediate,	 followed	 by	 a	 ring	 closing	 step	 and	 dissociation.	 	 In	 the	 NagB	
mechanism	 the	 substrate	 is	 suggested	 to	 form	 a	 cis-enolate-ammonium	 intermediate,	







aspartic	 acid	 residue	 (Asp-72	 in	E.	 coli),	which	abstracts	 a	proton	 from	C2.	 This	 residue	 is	
conserved	in	the	MRSA	NagB	sequence	(Fig	5.).	
	
The	quaternary	 structure	of	NagB	varies	greatly	between	species.	 In	 E.	 coli,	NagB	 forms	a	
homohexamer,	 in	 a	 trimer	 of	 dimers	 arrangement.	 In	 the	 gram-positive	 	 Streptococcus	
mutans	 and	B.	 subtilis	 species	of	bacteria,	NagB	 is	 a	monomeric	enzyme	 (Liu	et	al.,	 2008;	
Vincent	et	al.,	2005)	It	has	been	proposed	that	throughout	evolution	NagB	in	Gram-positive	
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This	 chapter	 demonstrates	 the	 first	 purification	 and	 crystallisation	 of	methicillin-resistant	
Staphylococcus	 aureus	 N-acetylglucosamine-6-phosphate	 deacetylase	 (NagA)	 and	 a	
subsequent	 biophysical	 characterisation	 using	 a	 number	 of	 techniques.	 Size	 exclusion	




















MRSA	NagA	was	purified	 to	near	homogeneity	via	 a	 three-step	purification	procedure,	 as	
described	in	Chapter	6.	The	purification	protocol	was	based	on	that	used	for	other	enzymes	
characterised	from	MRSA	(North	et	al.,	2014).	Purification	was	analysed	using	sodium-dodecyl	











Crystallisation	 trials	were	 routinely	 performed	using	 pure	 preparations	 of	MRSA	NagA,	 as	
described	in	Chapter	6.	Fig.	7.	shows	crystals	grown	in	2	M	calcium	acetate,	10%	polyethylene	
glycol	20,000	and	10%	polyethylene	glycol	550	monomethyl	ether.	These	crystals	appeared	







Preliminary	 diffraction	 experiments	 at	 the	 Australian	 Synchrotron	 showed	 these	 crystals	
diffracted	very	poorly,	but	did	not	appear	to	show	the	characteristic	diffraction	pattern	of	salt	

























Size-exclusion	 chromatography	 coupled	 with	 multi-angle	 light	 scattering	 (SEC-MALS)	 was	





















Sedimentation	 velocity	 (SV)	 analytical	 ultracentrifugation	 (AUC)	 experiments	 demonstrate	
that	NagA	exists	predominantly	as	a	dimer	in	solution.	This	experiment	was	performed	using	
NagA	 at	 a	 concentration	 of	 0.3	 mg/mL.	 The	 data	 collected	 were	 fitted	 to	 a	 continuous	
sedimentation	coefficient	distribution	model,	[c(s)].	This	gave	a	single	symmetrical	peak	with	
a	sedimentation	coefficient	of	4.99	S	(Fig.	9.	A),	and	a	frictional	ratio	(f/f0)	of	1.34.	This	f/f0	is	
a	value	that	 is	a	property	of	 the	hydrodynamic	shape	of	a	protein	 in	solution	 (an	 f/f0	of	1	
represents	a	sphere),	and	here	this	value	supports	a	moderately	extended	shape,	such	as	an	
ellipsoid	.			
























low	 q	 angles,	 indicating	 scattering	 was	 not	 adversely	 effected	 by	 either	 aggregation	 or	
















in	 the	 protein	 scattering	 envelope,	 and	 here	 shows	 a	 slight	 positive	 skew	 toward	 long	
distances.	This	could	be	interpreted	as	the	shape	of	the	scattering	particle	being	closer	to	an	
ellipsoid	than	a	sphere,	and	supports	the	observation	of	an	extended	shape	in	AUC.	The	Kratky	
plot	 (Fig.	 10.	D)	demonstrates	 the	protein	 is	 folded	 in	 solution,	 and	 indicates	 a	degree	of	
flexibility	in	the	protein,	as	shown	by	the	upward	trend	at	higher	q	angles.	This	SAXS	data	was	















The	model	 gave	 a	 X2	 against	 the	 raw	 data	 of	 1.0,	 and	 0.3	 against	 data	 corrected	 by	 the	
program.	As	shown	in	Fig.	12.	B.,	the	crystal	structure	of	B.	subtilis	NagA	aligns	well	with	the	














media	 during	 the	 overexpression	 of	 NagA.	 Presumably,	 this	 is	 due	 to	 insufficient	 metal	
cofactor	availability	during	growth,	or	loss	of	the	metal	cofactor	during	protein	purification.	
Supplementation	of	 the	growth	media	with	1	mM	ZnCl2,	as	seen	 in	other	NagA	expression	






















One	potential	 explanation	 is	 that	MRSA	NagA	 is	 displaying	hysteretic	 kinetic	behaviour.	A	
hysteretic	enzyme	is	defined	as	an	enzyme	that	responds	slowly	to	a	rapid	change	in	ligand,	
substrate	 or	 concentrations.	 Slow	 conformational	 isomerisations	 are	 thought	 to	 be	
responsible	 for	 many	 hysteretic	 responses,	 where	 conformers	 have	 different	 kinetic	






























lag	 phase	 could	 be	 part	 of	 a	 mechanism	 that	 buffers	 against	 rapid	 flux	 in	 the	 multiple	
pathways	feeding	into	NagA.	However,	the	relevance	of	a	lag	phase	in	vivo	 is	uncertain,	as	
intracellular	GlcNAc-6-P	concentrations	are	unknown.		It	is	conceivable	that	rapid	increases	


































































dimer	 in	 solution.	 The	 SAXS	 data	 supports	 the	 hypothesis	 that	 the	 MRSA	 NagA	 dimer	
resembles	 that	 of	 the	 B.	 subtilis	 enzyme	 in	 solution.	 This	 is	 further	 strengthened	 by	 the	
conservation	 of	 key	 residues	 shown	 to	 be	 involved	 in	 dimerisation.	 The	 SAXS	 analysis	





Here,	 this	 property	 is	 related	 to	 a	 potential	 ligand-induced	 mechanism	 of	 dimerisation	
observed	 in	 the	 B.	 subtilis	 enzyme.	 This	 slow	 response	 to	 a	 rapid	 change	 in	 substrate	









































This	 chapter	 reports	 the	 first	 purification	 and	 crystallisation	 of	 methicillin-resistant	
Staphylococcus	 aureus	 glucosamine-6-phosphate	 deaminase	 (NagB),	 and	 the	 biophysical	
characterisation	of	this	enzyme	to	probe	its	properties.		The	quaternary	structure	of	NagB	is	
of	interest	here	given	the	reported	divergence	of	NagB	in	species	of	gram-positive	bacteria	to	
a	 monomeric	 enzyme,	 as	 opposed	 to	 the	 allosterically	 regulated	 hexamer	 seen	 in	 gram-
negative	bacteria.	The	first	kinetic	analysis	of	NagB	 is	also	presented	here.	Together	these	















1A.,	 MRSA	 NagB	 was	 purified	 to	 near	 homogeneity	 via	 the	 same	 three-step	 purification	
process	as	MRSA	NagA.		Bands	are	visible	corresponding	to	the	theoretical	monomer	weight	



























compared	 to	 the	 gram-positive	monomeric	 enzymes.	 Further	 investigation	 and	 structural	
data	are	needed	to	test	these	hypotheses.	
	
Crystallisation	 trials	were	 routinely	 performed	using	 pure	 preparations	 of	MRSA	NagA,	 as	
described	in	Chapter	6.	A	condition	was	identified	for	the	crystallization	of	MRSA	NagB	using	




resolution	of	8-9	Å,	which	 is	 too	 low	to	build	accurate	protein	structural	models	 from	the	
electron	density.	Optimisation	of	this	condition	was	then	performed	at	the	C3	Collaborative	



































Sedimentation	 velocity	 (SV)	 analytical	 ultracentrifugation	 (AUC)	 experiments	 support	 the	
hypothesis	that	MRSA	NagB	 is	mainly	a	dimer	 in	solution.	This	experiment	was	performed	

























gauge	 the	 shape	of	 the	molecule	 in	 solution.	Guinier	 analysis	 of	 this	 SAXS	data	 shows	 an	
upturn	at	 low	q	angles	 (Fig.	21.	B)	 indicating	aggregation	 in	the	sample.	However,	a	 linear	
region	could	still	be	defined,	and	the	data	points	outside	of	this	region	were	excluded	in	this	
analysis.	PRIMUS	(Petoukhov	et	al.,	2012)	calculated	a	forward	scattering	value	(I0)	of	0.068,	





toward	 longer	distances.	 This	 could	be	 interpreted	as	 the	 shape	of	 the	 scattering	particle	
being	closer	to	an	ellipsoid	than	a	sphere,	and	supports	the	observation	of	an	extended	shape	
in	AUC.	The	Kratky	plot	 (Fig.	21D)	 shows	 the	protein	 is	 folded	 in	 solution,	and	 indicates	a	
degree	of	flexibility	in	the	protein,	as	shown	by	the	upward	trend	at	higher	q	angles.	This	SAXS	


























































	 B.	subtilis	NagB	 S.	mutans	NagB	 MRSA	NagB	
Km	(mM)	 0.13	±	0.02	mM	 0.21	±	0.03	 0.24	±	0.08	














adding	 it	 to	 the	 assay.	 This	 lack	 of	 allostery	 has	 also	 been	observed	 in	 the	monomeric	S.	
mutans	 and	 B.	 subtilis	 NagB	 enzymes,	 and	 this	 finding	 supports	 the	 hypothesis	 that	













here.	Protein	 interactions	are	thought	 to	be	commonplace	 in	most	organisms	and	play	an	
important	 role	 in	 metabolic	 pathways,	 where	 they	 can	 confer	 efficiency	 through	 allow	
channelling	of	substrates	from	enzyme	to	enzyme,	without	releasing	substrate	into	the	bulk	






for	 regulation	 or	 control	 over	 these	 enzymes	 also	 makes	 the	 idea	 of	 a	 protein-protein	




this	 has	 been	 tested	 in	 vitro	 with	 B.	 subtilis	 NagA	 and	 NagB,	 where	 no	 protein-protein	











SV	 experiments	 at	 a	 range	 of	 protein	 concentration,	 as	 well	 as	 in	 the	 presence	 of	 each	
substrate	should	be	conducted.	One	limitation	of	this	experiment	is	that	the	buffer	conditions	
do	 not	 resemble	 the	 physiological	 conditions	 inside	 the	 cell,	 or	 the	 extremely	 crowded	
environment	 of	 a	 cell,	where	 it	 is	 suggested	 that	 specific	 protein-protein	 interactions	 are	
more	 frequent	 than	 in	 in	 vitro	 experiments	 given	 the	 excluded	 volume	 phenomenon	
(Kuznetsova,	Turoverov,	&	Uversky,	2014).	These	conditions	could	be	better	modelled	using	






















This	 chapter	 presents	 the	 first	 structural	 and	 kinetic	 characterisation	 of	 NagB	 from	
Staphylococcus	aureus.	 The	biophysical	 data	 shown	here	demonstrate	 that	MRSA	NagB	 is	
















The	 finding	 that	 MRSA	 NagB	 is	 a	 dimer	 in	 solution	 is	 an	 unexpected	 result,	 given	 the	
quaternary	structures	for	gram-positive	bacteria	reported	in	the	literature,	as	depicted	in	Fig.	
8.	SDS-PAGE	analysis	in	reducing	and	non-reducing	conditions	suggest	that	this	dimer	could	
be	held	 together	by	a	disulfide	bond,	 although	 this	 requires	 further	 validation.	 This	novel	
quaternary	structure	may	have	implications	for	the	structure,	function	and	regulation	of	these	
enzymes−	 it	 is	 suggested	 here	 that	 the	 MRSA	 NagA	 dimer	 may	 have	 different	 catalytic	
capabilities	in	comparison	to	the	monomeric	gram-positive	enzymes.	
	
Kinetics	 experiments	 show	a	 clear	pattern	of	 substrate	 inhibition.	 The	 relevance	of	 this	 is	
uncertain	 in	 vivo,	 but	 it	 is	 speculated	 here	 that	 this	 inhibition	 may	 be	 useful	 during	
peptidoglycan	biosynthesis,	to	avoid	the	futile	cycling	of	glucosamine-6-phosphate	between	








Figure	25.	Phylogenetic	 tree	based	on	amino	acid	 sequence	alignment	demonstrating	 the	
variation	in	oligomeric	state	of	NagB	enzymes.	Each	coloured	spheres	represents	a	protein	
subunit,	 and	hence	 the	overall	oligomeric	 state.	Although	not	 immediately	evident	 in	 this	
diagram,	 the	 primary	 sequence	 of	 MRSA	 is	 closer	 in	 identity	 to	 the	 H.	 sapiens	 primary	
sequence,	demonstrating	the	great	divergence	in	primary	sequence	of	these	enzymes.	This	
tree	was	generated	as	described	in	Chapter	5.	Tmara;	Thematoga	maratima,	Pfuri;	Pyrococcus	
furiosus;	 Bsubt;	 Bacillus	 subtilis,	 MRSA	 Spneum;	 Streptococcus	 pneumoniae,	 Smuta;	
Streptococcus	mutans,	Ecoli;	Escherichia	coli,	Styph;	Salmonella	typhimurium	Ypest;	Yersinia	









N-acetylglucosamine-6-phosphate	 deacetylase	 (NagA)	 and	 glucosamine-6-phosphate	
deaminase	(NagB),	that	are	involved	in	amino	sugar	utilisation	in	a	methicillin-resistant	strain	
of	 Staphylococcus	aureus	 (MRSA).	 It	 is	 suggested	 here	 that	 these	 enzymes	may	 be	 novel	











Biophysical	experiments	 revealed	 that	MRSA	NagA	 to	be	dimeric	 in	 solution,	and	 that	 the	




that	 converge	 on	 NagA.	 I	 propose	 that	 kinetic	 hysteresis	 is	 caused	 by	 substrate-induced	
oligomerisation—in	 this	 case,	 forming	 a	 dimer	 in	 the	 presence	 of	N-acetylglucosamine-6-
















































N-Acetylglucosamine-6-phosphate	 and	 glucosamine-6-phosphate	 were	 purchased	 from	









BioRad	 also	 supplied	 96-well	 plates.	 Crystallisation	 screens	 that	 were	 used	 in-house	 and	
solutions	 used	 for	 cryo	protection	were	purchased	 from	Molecular	Dimensions.	Hampton	
Research	supplied	crystallisation	plates	and	cryo	loops.	All	solutions	were	made	with	Millipore	

















Protein	 concentration	 was	 measured	 using	 a	 NanoDrop-1000	 spectrophotometer.	 UV	
absorbance	at	280	nm	was	monitored	and	then	converted	to	concentration	using	the	Beer-




















The	 theoretical	 molecular	 weights,	 extinction	 coefficients	 and	 isoelectric	 points	 were	
computed	using	the	ExPASy	ProtParam	tool	(http://web.expasy.org/protparam/).	To	search	
and	compare	protein	and	nucleotide	sequences,	the	basic	local	alignment	search	tool	(BLAST)	
programs	 BLASTn	 and	 BLASTp	 were	 used.	Multiple	 sequence	 alignments	 were	 generated	
using	Clustal	Omega	(Larkin	et	al.,	2007).	Amino	acid	sequences	for	Nag	homologues	were	
sourced	from	the	NCBI	database.	Phylemon	2.0	(Sanchez	et	al.,	2011)	was	used	to	construct	







(Suzuki	 et	 al.,	 2014)	 by	 restriction	 enzyme	 digestion	 (HindIII	 and	 NdeI)	 to	 create	
pET30ΔSE/nagA	and	pET30ΔSE/nagB.	The	 identities	of	both	constructs	were	confirmed	by	











°C	 and	 returned	 to	 ice	 for	 5	 minutes	 to	 recover.	 Super	 optimal	 broth	 with	 catabolite	
repression	(SOC)	media	was	pre-warmed	and	250	μL	was	added	to	the	cells,	followed	by	an	
	 50	
incubation	at	37	°C	and	170	revolutions	per	minute	 (rpm)	 for	1	hour.	This	 transformation	




Bacterial	 strains	 were	 stored	 by	 culturing	 10	mL	 of	 transformed	 E.	 coli	 cells	 in	 LB	media	













When	 an	 OD600	 of	 0.55-0.6	 was	 reached,	 protein	 overexpression	 was	 initiated	 by	 adding	







lysis	 buffer	 comprised	 of	 20	 mM	 Tris-HCl,	 pH	 8.0	 and	 0.1mM	 of	 the	 protease	 inhibitor	
phenylmethane	 sulfonyl	 fluoride	 (PMSF).	 Cell	 lysis	 was	 carried	 out	 using	 a	 Hielschler	
Ultrasonic	processor	at	70%	amplitude	in	cycles	of	0.5	s	on,	0.5	s	off	for	15	minutes.	This	step	
was	 performed	 on	 ice	 to	 prevent	 excessive	 heating	 of	 the	 sample.	 	 Cell	 debris	 was	 then	
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Anion	 exchange	 chromatography	 (AEC)	was	 used	 as	 the	 first	 purification	 step,	where	 the	
protein	 of	 interest	 and	 contaminating	 proteins	 were	 separated	 based	 on	 surface	 charge.	






dodecyl	 sulfate	 polyacrylamide	 gel	 electrophoresis	 (SDS-PAGE)	 to	 determine	 where	 each	




















































Size-exclusion	 chromatography	 coupled	 with	 multi-angle	 light	 scattering	 (SEC-MALS)	 was	
carried	 out	 using	 a	 Viscotek	 302-040	 Triple	 Detector	 GPC/SEX	 system	 (ATA	 Scientific),	
operated	at	28	oC.	Protein	sample	(100	μL)	at	2.1	mg/mL	was	injected	into	a	24	mL	Superdex	














calculated	using	 the	program	SEDNTERP	 (Laue	1992).	Sedimentation	data	were	 fitted	 to	a	











Two-dimension	 intensity	plots	were	 radially	averaged,	normalised	 to	sample	 transmission,	
and	 background	 subtracted	 using	 the	 Scatterbrain	 software	 package	 (Australian	
Synchrotron).	 When	 a	 higher	 concentration	 of	 a	 13	 mg/ml	 was	 used	 the	 data	 collected	




All	 SAXS	data	 analyses	were	performed	using	 the	ATSAS	 software	package	 (version	2.8.0)	































minutes.	 The	 pH	 of	 the	 20	 mM	 Tris-HCl	 was	 initially	 adjusted	 at	 room	 temperature	 to	
approximately	 0.2	 pH	 units	 below	 the	 desired	 pH,	 as	 the	 pH	 of	 Tris-HCl	 decreases	 with	
increasing	 temperature.	 The	 pH	was	measured	 again	 after	 equilibration	 using	 a	micro-pH	
meter.	Enzyme	was	kept	on	ice	throughout	the	assay	to	reduce	any	decrease	in	activity	or	
aggregation	 that	might	occur.	Reaction	mixing	was	performed	as	quickly	as	possible	using	














with	 a	 1	mm	path	 length.	 Reaction	mixtures	were	 allowed	 to	 equilibrate	 at	 20	 oC	 for	 20	
minutes	 in	 the	 heat-controlled	 peltier	 module.	 The	 reaction	 was	 performed	 at	 this	





μg/mL.	 Coupling	 enzyme	 concentrations	were	 first	 trialled	 at	 2	 μg/mL	 (PGI)	 and	 3	 μg/mL	
(G6PDH),	as	reported	in	the	literature,	but	it	was	found	that	these	concentrations	needed	to	
























(8-9	Å).	Here,	 two	 setups	were	developed	 to	 screen	around	a	 condition	 containing	0.2	M	
sodium	citrate	tribasic	dehydrate,	and	20%	w/v	polyethylene	glycol	(PEG)	3350.	One	setup	





Preliminary	 X-ray	 data	 collection	 took	 place	 on	 the	 MX2	 beamline	 at	 the	 Australian	
Synchrotron.	Crystals	were	fished	using	cryo-loops	and	dipped	in	a	cryoprotectant	(85%	of	
	 58	
the	reservoir	solution	and	15%	of	a	1:1	ethylene	glycol	and	glycerol	solution)	and	then	flash	
cooled	in	liquid	nitrogen,	before	being	mounted	onto	the	beamline	in	a	cold	nitrogen	stream	
at	-173	°C.	
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